We report on demonstration of polarization and time-bin hyper-entanglement of photons emitted from a single quantum dot. We achieved this result by applying resonant excitation on a quantum dot system with absent fine structure splitting.
Introduction
Quantum dots are semiconductor quantum emitters, which makes them material-wise compatible with today's information technologies. Furthermore, the latest advances in the design and implementation of semiconductor sources of quantum light shows their competence to become building blocks of a quantum network [3] . Due to their discrete energy level structure quantum dots are inherently anti-bunched single photon sources [4] . Beyond producing very pure single photon states [5, 6] , quantum dots can provide pairs of photons emitted in a cascade that exhibits entanglement [7] [8] [9] [10] [11] .
Figure 1: (a) Energy scheme of the quantum dot. A laser coherently couples the ground, |g, to the biexciton state, |b, through two-photon resonant excitation. The excitation process is carried out via a virtual state (dashed line). The quantum dot system decays to the ground state via exciton state, |b, emitting the biexciton-exciton cascade. Due to vanishing fine structure splitting the two orthogonally polarized decay paths are indistinguishable and the emitted photons are entangled in polarization. b) Every excitation sequence consists of two phase-related excitation pulses that are required to generate entanglement in time bin. The phase between the pulses, φp is imposed by an unbalanced Michelson interferometer. The emission probability for each pulse is kept low to minimize the double excitations. c) The polarization analysis elements (λ/4 and λ/2 wave-plates and polarizers) were placed before the time-bin analysis. d) Both the generation and the analysis of the time-bin entanglement require unbalanced Michelson interferometers. The entanglement is measured in the coincidence signal between a detector detecting a biexciton photon, XX1,2, and a detector detecting an exciton photon, X1,2.
In entanglement-enhanced quantum communication schemes such as ultra-dense coding and entanglement swapping the so-called Bell-state-measurements are the crucial elements, which enable us to transmit two bits in one qubit or entangle previously independent qubits, respectively. The simplest realization of a Bell-state measurement uses interference of two photons at a beam-splitter and has the disadvantage that it is limited to 50% efficiency. In this respect states of light that exhibit entanglement in more than one degree of freedom [12] are specifically valuable, because they can be used to perform a complete Bell measurement [13] . Therefore, the success rate of the information transfer can be enhanced significantly by implementing hyper-entanglement [1, 2] .
Method
Here, we report on the generation of hyper-entangled photon pairs emitted by a single quantum dot. The state that we created exhibits simultaneous entanglement in two degrees of freedom: polarization and time bin. To obtain it we used a quantum dot system that was excited resonantly by means of two-photon resonant excitation of the biexciton [19] , schematically depicted in Fig. 1a . In such an excitation process a quantum dot is resonantly driven from the ground to the biexciton state using a two-photon resonance at an energy equal to (Exx + Ex)/2, where Exx and Ex are the energies of the biexciton and the exciton emission, respectively. The excitation was carried out by a sequence of two pulses [20] , so-called early and late pulse. The phase of the pump interferometer, φp, (schematically depicted in Fig. 1b ) that generated the excitation pulse sequence defined the phase between the early and the late pulse. Since the time-bin entanglement originates in interference of probability amplitudes for the system to be excited by the early or the late pulse [21], the same phase, φp, directly affects the phase of the entangled state.
Results
We reconstructed the hyper-entanglement in the two subspaces that span the hyper-entangled space. The reconstructed matrices yield the concurrence values Cp = 0.71(5) and Ctb = 0.76(8) of the polarization and time-bin entangled state, respectively, while the corresponding fidelities to the maximally entangled states were Fp = 0.81 (6) and Ftb = 0.87 (4) . For this measurement we used all the elements of the set-up depicted in Fig. 1 .
